Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) gefitinib has demonstrated dramatic clinical efficacy in non-small cell lung cancer (NSCLC) patients. However, its therapeutic efficacy is ultimately limited by the development of acquired drug resistance. The aim of this study was to explore the potential utility of chromosome region maintenance 1 (CRM1) inhibitor leptomycin B (LMB) in combination with gefitinib to overcome primary and acquired gefitinib resistance in NSCLC cells. The combinative effects of gefitinib and LMB were evaluated by MTT and its underlining mechanism was assessed by flow cytometry and Western blot. LMB displayed a synergistic effect on gefitinib-induced cytotoxicity in A549 (IC50: 25.0 ± 2.1 μM of gefitinib + LMB vs. 32.0 ± 2.5 μM of gefitinib alone, p < 0.05). Gefitinib + LMB caused a significantly different cell cycle distribution and signaling pathways involved in EGFR/survivin/p21 compared with gefitinib. A549 cells then were treated with progressively increased concentrations of gefitinib (A549GR) or in combination with LMB (A549GLR) over 10 months to generate gefitinib resistance. IC50 of gefitinib in A549GLR (37.0 ± 2.8 μM) was significantly lower than that in A549GR (53.0 ± 3.0 μM, p < 0.05), which indicates that LMB could reverse gefitinib-induced resistance in A549. Further mechanism investigation revealed that the expression patterns of EGFR pathway and epithelial-mesenchymal transition (EMT) markers in A549, A549GR, and A549GLR were significantly different. In conclusion, LMB at a very low concentration (0.5 nM) combined with gefitinib showed synergistic therapeutic effects and ameliorated the development of gefitinib-induced resistance in lung cancer cells.
Introduction
Lung cancer is the leading cause of cancer-related deaths around the world with about 1.3 million deaths per year (Huang, 2014) . Histologically, lung cancer can be classified into small-cell lung cancer and non-small cell lung cancer (NSCLC) with 80-85% being NSCLC (Dragnev et al., 2013) , most of which are diagnosed at an advanced stage of the disease and have a poor long-term survival from curative surgery or radiation therapy (Marquez-Medina and Popat, 2016) . In particular, mutated and overactive epidermal growth factor receptor (EGFR) in NSCLC has emerged as a unique subset of lung adenocarcinoma (Koehler and Schuler, 2013) , and targeting the dysregulated EGFR with tyrosine kinase inhibitors (TKIs) have been developed to treat locally advanced or metastatic NSCLC .
One of such EGFR TKIs is gefitinib (commercial name Iressa;
AstraZeneca UK limited) which has been recently approved by FDA as a first-line treatment for metastatic EGFR mutation-positive NSCLC patients (Kazandjian et al., 2016) , though recent studies revealed that some NSCLC patients without EGFR mutation(s) also respond to TKIs including gefitinib (the first generation) and afatinib (the second generation) (Home, 2016; Gridelli et al., 2011; Chao et al., 2015) . Although EGFR TKI therapies have significantly improved the survival of NSCLC patients, acquired drug resistance eventually emerges and significantly limits the therapeutic potency of EGFR TKI treatments (Koehler and Schuler, 2013) . Secondary somatic T790 M mutation in EGFR exon 20 and amplification of MET were frequently identified as the underling mechanisms for EGFR TKI acquired resistance, which have been reported in up to 70% of cases among patients (Pao et al., 2005a; Engelman et al., 2007; Sos et al., 2010) . Other resistance mechanisms may exist and need to be further explored. For instance, it has been suggested that epithelial-mesenchymal transition (EMT) may contribute to the acquired resistance to gefitinib (Rho et al., 2009) , by which cancer cells demonstrate morphological changes from the epithelial polarized phenotype to the mesenchymal fibroblastoid phenotype, and thereby enhance their mobility and invasiveness (Nakaya and Sheng, 2013) . Chromosome region maintenance 1 (CRM1), also known as exportin 1 (XPO1), is a nuclear export receptor responsible for transporting a variety of cancer related proteins from nucleus to cytoplasm including p53, p21, p27, pRB, FOXO, and EGFR (Lo et al., 2006; Lu et al., 2012 Lu et al., , 2015 . Our previous studies have demonstrated that CRM1 is overexpressed in lung cancer and CRM1 inhibitor, leptomycin B (LMB) could serve as an effective adjuvant regimen for lung cancer treatment Lu et al., 2015) . A recent study further revealed that KRAS-mutant NSCLC is vulnerable to chemical inhibition of CRM1 (XPO1)-dependent nuclear export (Kim et al., 2016) . LMB, as the first generation of pharmaceutical CRM1 inhibitor isolated from Streptomyces spp., has shown highly inhibitory efficiency in various cancer cell lines including NSCLC cells (IC50 ranging from 0.1 to 10 nM) (Mutka et al., 2009 ) and more importantly, LMB demonstrated a great potential to reduce drug resistance in various cancer cells induced by different anticancer therapeutic agents . In addition, short-term LMB treatment (24-72 h) could reverse EMT in snail-transduced primary human mammary epithelial cells (HEMCs) by targeting CRM1 (Azmi et al., 2015) . Although the phase I trial of LMB as a single therapeutic agent was unsuccessful due to its gastrointestinal toxicities like malaise and anorexia (Newlands et al., 1996) , these side effects may significantly diminish at lower doses when used as a combinative agent Lu et al., 2015) . Therefore, the clinical application of LMB as an adjuvant therapy also deserves a thorough reevaluation, and LMB is still used as the paradigm for a novel class of anticancer drugs based on CRM1 inhibition . Moreover, a series of semi-synthetic LMB derivatives (not commercial available) have been developed, which maintain high potency of LMB and show much better tolerability in vivo than LMB (Mutka et al., 2009) .
Combination chemotherapy utilizing EGFR TKIs and drugs with different anticancer mechanisms has demonstrated to be one of effective strategies to overcome EGFR TKI resistance or EMT (Huang et al., 2013; Tartarone et al., 2013; Zhu et al., 2015; Zhao et al., 2016a) . There are still no reports on the effective combined treatments using CRM1 inhibitors and EGFR TKIs for NSCLC therapy. More importantly, there are no studies investigating the long-term effect of combinative agents on reducing the development of acquired resistance of gefitinib in NSCLC. Also, the effects of inhibiting EMT on the development of EGFR TKI acquired resistance in NSCLC remain unclear.
In the present study, the combined treatment of gefitinib and LMB showed a synergistic cytotoxic effect on NSCLC cell lines A549 and H460. The mechanism of synergism of gefitinib and LMB in A549 was further investigated by flow cytometry and Western blot analyses. A549 co-treated with gefitinib and LMB exhibited significantly different profiles of survival signaling and cell cycle arrest from A549 treated by gefitinib alone. More importantly, the effects of LMB on reducing acquired gefitinib resistance in A549 were testified in A549 generated by co-treatment of gefitinib and 0.5 nM LMB for 10 months, which remained a much higher gefitinib-sensitivity compared to gefitinib-resistant A549. Finally, Western blot, quantitative real time PCR (qRT-PCR), and series of phenotype assays revealed that the two resistant A549 cells had significantly different expressions of EGFR pathways and EMT biomarkers as well as malignant transformation activities compared to parental A549 cells.
Materials and methods

Cell lines and reagents
The NSCLC cell lines A549 and H460 were purchased from American Type Culture Collection (ATCC). Gefitinib-resistant A549 (A549GR) was generated by an intermittent selection method through exposing A549 to a stepwise increased concentration of gefitinib (from 24 μM to 50 μM) for 10 months, which simulates the median time (6-12 months) for the development of acquired resistance of gefinitib in clinical applications (Nguyen et al., 2009; Rho et al., 2009) . After each treatment of gefitinib for 48 h, the surviving cells were sub-cultured and grew to 70-80% confluence in drug-free medium for the next treatment. The dosages of gefitinib would increase continuously based on the tolerance of A549 cells. Concurrently, gefitinib + 0.5 nM LMBresistant A549 (A549GLR) was generated by treating A549 with 0.5 nM LMB as well as the same concentration and exposure time of gefitinib as A549GR. A549 (within five passages), A549GR, and A549GLR were cultured in RPMI 1640 medium (Thermo Scientific, Logan, UT) containing 5% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA), 100 U/ mL penicillin, and 100 μg/mL streptomycin in 5% CO 2 incubator at 37°C. For all the in vitro studies, the established A549GR and A549GLR were cultured in drug-free medium for at least 1 week to eliminate the effects of gefitinib and/or LMB.
Gefitinib (≥ 98%) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA,) and LMB (1 mM) was purchased from LC labs (Woburn, MA). Afatinib (> 99%) was obtained from Selleckchem (Houston, TX). The stocks of gefitinib (10 mM), afatinib (10 mM), and LMB (10 μM) were diluted to the required concentrations immediately before use in the growth media. Primary antibodies including EGFR, phospho-EGFR (Tyr1068), p44/42 MAPK (Erk1/2), phospho-p44/22 MAPK (Erk1/2) (Thr202/Tyr204), Akt, phospho-Akt (Ser473), phospho-STAT3 (Ser727), MET (D1C2), HER2/ErbB2 (D8F12), p21, survivin, E-cadherin, vimentin, and α-tubulin were purchased from Cell Signaling Technology (Danvers, MA). Twist1 antibody was purchased from Sigma-Aldrich (St. Louis, MO). Horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG, anti-mouse IgG, and chemiluminescence kit were purchased from Cell Signaling Technology. Radioimmunoprecipitation assay (RIPA) lysis buffer was obtained from Santa Cruz Biotechnology.
Cell viability assay
Cell viability was evaluated by the MTT assay as described previously (Shao et al., 2011; Lu et al., 2012; Gao et al., 2015) . Briefly, based on the cytotoxicity of LMB observed in this study and our previous reports (Shao et al., 2011; Lu et al., 2012; Gao et al., 2015) , 0.5 nM LMB was selected for co-treatment. The synergistic effect of gefitinib and LMB was evaluated by comparing to vehicle controls for gefitinib treatments or LMB (0.5 nM) for gefitinib + LMB treatments as described in our previous studies Lu et al., 2012) . Experiments were repeated independently three times.
Analysis of cell cycle by flow cytometry
Based on the cell viability assay, a total of six groups of A549 with different treatments for 48 h were analyzed, including control, 0.5 nM LMB (LMB), 12 μM gefitinib (Gefitinib12), 24 μM gefitinib (Gefitinib24), 12 μM gefitinib + 0.5 nM LMB (Gefitinib12 + LMB), and 24 μM gefitinib + 0.5 nM LMB (Gefitinib24 + LMB). Cells were stained with Guava Cell Cycle Reagent (Millipore, Billerica, MA) and run on a Guava EasyCyte™ Flow Cytometer (Millipore) as previously described . Each sample was run in triplicate and each experiment was repeated three times.
2.4. Wound healing assay, anchorage-independent growth assay, and transwell invasion assay
The wound healing assay (scratch assay) was performed to examine and compare the migration abilities of A549, A549GR, and A549GLR as previously described . Photographs of the wounded area were taken at the time of wounding and thereafter at 6, 12, 24, and 48 h to determine the wound closure rate.
Anchorage-independent growth was determined by agar colony formation assay following a previous protocol Lv et al., 2015) . Colonies were stained using 0.005% crystal violet and the number of colonies/areas (six randomly selected areas/well) were measured by an image analyzer under a microscope.
Transwell assay was performed using cell culture inserts of 6.5 mm diameter (Corning incorporated, New York, USA) as described previously . Briefly, the 8-μm pore size filters were coated with 100 μL of 1 mg/mL Matrigel (BD Biosciences, San Jose, CA) at 4°C and the Matrigel layers were solidified at 37°C for 1 h. A total of 500 μL culture medium was added to the lower champers, and 200 μL of A549, A549GR, and A549GLR cell suspensions (1 × 10 5 cells/mL)
were added into the upper chambers. The invasion lasted for 16 h at 37°C in dark. The cells migrated through the filters were fixed with 95% ethanol and stained with 0.005% crystal violet for 20 min at room temperature. Pictures of five random areas in each insert were photographed by a microscopy and the number of cells that had reached the underside of the inserts was counted.
Western blot analyses
The same six treatment groups of A549 exposing to gefitinib and/or LMB for 48 h as described in the flow cytometry as well as A549, A549GR, and A549GLR were analyzed by Western blot as previously described Lv et al., 2015) . Relative densitometric digital analysis for bands of targeted proteins was determined using Image J and normalized by the intensity of the housekeeping gene, α-tubulin.
2.6. Bio-Plex multiplex immunoassay for detection of phosphorylated MAP kinases p-ATF2(T71), p-Erk(T202/Y204), p-HSP27(S78), p-MEK1(S217/ 221), p-p53(S15), p-p90 RSK (S380), p-STAT3(S727), p-JNK(T183/ Y185), and p-p38MAPK(T180/Y182) in A549, A549GR, and A549GLR were determined by Bio-Plex Pro™ Cell Signaling MAPK Panel (9-plex #LQ00000S6KL81S). The assay was performed according to the manufacturer's protocol. The amounts of nine molecules and glyceraldehyde 3-phosphate (GAPDH, as an internal control) were determined by fluorescence signals of the multiplex assay suspensions in a MAGPIX (Luminex, Austin, TX). In order to exclude background noise, only the molecules with fluorescent signal over 100, including p-ATF2, p-MEK1, and p-STAT3, were selected for characterizations.
PCR and T790M mutation analyses
Genomic DNAs from A549, A549GR, and A549GLR were isolated using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA). EGFR exon 20 was amplified by PCR according to the method established previously (Conde et al., 2006) . The PCR products were electrophoresed on 2% agarose gel, purified by QIAquick PCR Purification Kit (Qiagen), and sequenced. The PCR primers and the sequencing primer for EGFR exon 20 were included in Table 2 .
Total RNA was isolated from A549, A549GR, and A549GLR using the RNeasy Plus Mini Kit (Qiagen) following the manufacturer's protocol. One-step RT-PCR Kit with SYBR green was used for amplification of total mRNA (75 ng) following the manufacturer's protocol (BioRad, Hercules, CA) and our previous studies Gao et al., 2015; Lv et al., 2015) . For MET, METFR (endogenous control for MET), HER2, and EFTUD2 (endogenous control for HER2), 75 ng of genomic DNA was amplified using SYBR Green Supermix (Bio-Rad). Experiment was performed in triplicate for each group. The PCR primers were included in Table 2 .
Statistical analyses
Factorial ANOVA was performed to test the effects of gefitinib and/ or LMB concentrations and incubation times on cell viability. Prism 6.0 was used to calculate the 50% inhibitory concentrations (IC50s). Oneway ANOVA was used to determine the difference in the analytical results of flow cytometry, qRT-PCR, Western bot, wound healing assay, anchorage-independent growth assay, transwell invasion assay, and Bio-Plex multiplex immunoassay among groups followed by a Fisher's LSD test. Differences with p < 0.05 were considered statistically significant.
Results
Cytotoxicity of co-treatment of gefitinib and/or LMB in A549 and H460
As shown in Fig. 1A , the simultaneous treatments of gefitinib (0-32 μM) and LMB (0.5 nM) showed synergistic cytotoxic effect on A549 as compared to gefitinib alone at both 24 and 48 h (p < 0.05, n = 6). The IC50 of gefitinib at 48 h was 32.0 ± 2.5 μM while it was significantly reduced to 25.0 ± 2.1 μM with the combination of 0.5 nM LMB (p < 0.05, n = 6). The significant synergistic cytotoxic effect from co-treatment of 0.5 nM LMB with gefitinib was also confirmed in H460 cell line (Fig. 1B) .
Flow cytometry analyses of cell cycle distributions in A549 treated by gefitinib and/or LMB
Cell cycle analyses were conducted to further investigate the mechanism of the synergistic effect of gefitinib and LMB on the A549 cell proliferation inhibition. Table 1 and Fig. 1C showed that the gefitinib + LMB co-treatments caused a decreased accumulation of A549 in G0/ G1 and S phases compared with gefitinib treatment alone. In contrast, LMB, Gefitinib12 + LMB, and Gefitinib24 + LMB resulted in a dramatic increased accumulation of A549 in the pre-G1 phase compared to control, Gefitinib12, and Gefitinib24, respectively (p < 0.05). A much higher number of pre-G1 phase cells in Gefitinib24 + LMB represents a higher apoptotic population than LMB or gefitinib alone, which further validated the synergistic effect of gefitinib + LMB detected by the MTT assay.
Western blot analyses of EGFR signaling and survival pathways in A549 after gefitinib and/or LMB treatments
In order to further investigate the synergistic mechanism of gefitinib and LMB treatment in A549, the expression levels of EGFR, p-EGFR (Tyr1068), Erk1/2, p-Erk1/2(Thr202/Tyr204), Akt, p-Akt(Ser473), survivin, and p21 were evaluated. As shown in Fig. 2A & B, A549 treated with 0.5 nM LMB plus gefitinib or gefitinib alone had a decreased p-EGFR(Tyr1068) expressions compared with controls (p < 0.05). p-Akt (Ser473) was inhibited in a dose-response manner by gefitinib treatments, but it was enhanced by gefitinib + LMB co-treatments compared with gefitinib alone (p < 0.05) ( Fig. 2A & B) . A549 treated by gefitinib + LMB had a higher expression of p-Erk1/ 2(Thr202/Tyr204) than A549 treated by gefitinib alone (p < 0.05, Fig. 2A & B) . In contrast, the changes in the expressions of EGFR, Akt, and Erk1/2 were not significant between gefitinib and gefitinib + LMB co-treatments ( Fig. 2A & B) , though Akt was downregulated dose-responsibly in A549 treated by gefitinib or gefitinib + LMB. The relative . Mean values at the same concentration containing different letters indicate a significant difference among the treatment groups analyzed by a one-way ANOVA followed by a Fisher's LSD test (p < 0.05). (C) Representative histograms of cell cycle analyses in gefitinib and LMB-treated A549 for 48 h were shown. Control, LMB, Gefitinib12, Gefitinib12 + LMB, Gefitinib24, and Gefitinib24 + LMB were harvested and labeled with Guava Cell Cycle Reagent (Millipore) and analyzed by flow cytometry (pre-G1, G0/G1, S, and G2/M). The y-axis shows the number of cells counted and the x-axis shows an increasing amount of Guava Cell Cycle Reagent incorporation/cell (left to right). Experiments performed in triplicate yielded similar results. LMB: 0.5 nM LMB, Gefitinib12: 12 μM gefitinib, and Gefitinib24: 24 μM gefitinib.
Table 1
Effects of gefitinib and/or LMB on cell cycles of A549. Data are represented as mean ± SD (n = 3). Mean values within the same column containing different superscript letters indicates significance among the treatment groups analyzed by one-way ANOVA followed by a Fisher's LSD test (p < 0.05). Values bearing the letter "a" indicate no significant differences compared with control, those labeled "b" denote a significant difference when compared with the control, and "c" denotes a significant difference when Gefitinib + LMB is compared with Gefitinib alone. Gao Toxicology and Applied Pharmacology 335 (2017) 16-27 protein expression levels of Akt were 100.0 ± 0, 86 ± 2, 86 ± 14, 57 ± 3, 70 ± 9, and 61 ± 6 in the control, LMB, Gefitinib12, Gefitinib12 + LMB, Gefitinib24, and Gefitinib24 + LMB, respectively. Additionally, the synergistic effect between gefitinib and LMB was manifested by the observation that gefitinib + LMB co-treated A549 had a significant downregulation of survivin than gefitinib-treated A549 (p < 0.05, Fig. 2A & B) . Finally, it was also found that A549 treated with LMB had a dramatically increased p21 expression compared with the control (p < 0.05), which may explain why the p21 levels in A549 treated with gefitinib + LMB were significantly higher than the cells treated with gefitinib alone (p < 0.05, Fig. 2A & B) .
3.4. Cytotoxicity of gefitinib or afatinib in A549, A549GR, and A549GLR
As shown in Fig. 3A , IC50s of gefitinib in A549GR and A549GLR at 48 h were 53.0 ± 3.0 and 37.0 ± 2.8 μM, respectively. Therefore, 0.5 nM LMB treatment for 10 months could significantly delay the development of gefitinib resistance in A549, which was demonstrated by the IC50 difference between A549GR and A549GLR (p < 0.05, n = 3). The cross-resistance of A549GR and A549GLR to the second generation EGFR TKI afatinib was further investigated. Fig. 3B showed that IC50s of afatinib in A549, A549GR, and A549GLR were 6.0 ± 1.2, 20.0 ± 2.7, and 8.0 ± 1.5 μM, respectively. The acquired resistance in both A549GR and A549GLR against gefitinib stably existed for months after gefitinib and/or LMB were removed from medium (data not shown).
3.5. Characterizations of A549, A549GR, and A549GLR by morphology, anchorage-independent growth assay, wound healing assay, and transwell invasion assay Over 10 months exposure to gefitinib with increased concentrations, A549 progressed gradually to a spindle-shaped morphology (Fig. 4A) , which is consistent with the shape description of A549GR in a previous study (Rho et al., 2009) . Interestingly, compared with A549GR, A549GLR elongated more to an asterisk-like morphology which has never been reported before (Fig. 4A) .
To compare the tumorigenic potential of A549GR and A549GLR, anchorage-independent growth assay was implemented. As shown in Fig. 4B & D, a significant increase in colony size (μm 2 ) was found in A549GR and A549GLR compared to A549 (p < 0.05, 940 ± 58 in A549, 1074 ± 62 in A549GR, and 1512 ± 193 in A549GLR). Fig. 2 . Western blot analyses of protein expressions in A549 after gefitinib and/or LMB treatment. (A) Effects of gefitinib + LMB treatment on the protein expression of EGFR, p-EGFR (Tyr1068), Akt, p-Akt(Ser473), Erk1/2, p-Erk1/2(Thr202/Tyr204), survivin, and p21. After 48 hour treatment, cells were harvested for Western blot analysis to determine protein levels. Blots were also probed for α-tubulin to confirm equal protein loading. (B) The relative protein intensities of p-EGFR(Tyr1068), p-Akt(Ser473), p-Erk1/2(Thr202/Tyr204), survivin, and p21 as compared to the control after normalized by the intensity of α-tubulin. The intensity of each band was quantified using ImageJ software. Data are means ± SD, n = 3. Mean values of the same protein containing different letters indicates a significant difference among the treatment groups analyzed by a one-way ANOVA followed by a Fisher's LSD test (p < 0.05). Values bearing the letter "a" indicate no significant differences compared with control, those labeled "b" denote a significant difference when compared with the control, and "c" denotes a significant difference when gefitinib + LMB is compared with gefitinib alone. LMB: 0.5 nM LMB, Gefitinib12: 12 μM gefitinib, and Gefitinib24: 24 μM gefitinib. Gao Toxicology and Applied Pharmacology 335 (2017) 16-27 However, Fig. 4C showed a significant increase in colony number was observed in A549GR compared to A549, while a significant decrease in colony number in A549GLR compared to A549 and A549GR (p < 0.05, 65 ± 6 in A549, 95 ± 11 in A549GR, and 41 ± 6 in A549GLR).
The differences in the migration and invasion abilities of the three cell lines were further examined by wound healing assay and transwell invasion assay. Fig. 4E & F showed that the migration abilities of A549GR and A549GLR are significantly higher than A549 at only 48 h (p < 0.05). Fig. 4G showed that both A549GR (567 ± 31) and A549GLR (582 ± 37) exhibited higher invasion abilities than A549 (524 ± 55) (p < 0.05).
Protein analyses of EGFR signaling pathways and EMT markers in A549, A549GR, and A549GLR
The phenotypes of A549, A549GR, and A549GLR were characterized by comparing the protein expressions of the EGFR pathway, EMT biomarkers (E-cadherin, vimentin, and Twist1), as well as HER2/ErbB2 and MET. Fig. 5A & B showed that the expressions of both EGFR and p-EGFR(Tyr1068) were significantly higher in A549GR and A549GLR than A549 (p < 0.05). p-Akt(Ser473), p-STAT3(S727), and survivin were significantly downregulated in A549GLR compared with A549 and A549GR, while p-Erk1/2(Thr202/Tyr204) was significantly downregulated in A549GR compared with A549 and A549GLR (p < 0.05, Fig. 5A & B) . There were no significant differences of Akt and Erk1/2 expressions among A549, A549GR, and A549GLR ( Fig. 5A & B) . Bio-Plex multiplex immunoassays (Fig. 5C ) further showed that p-MEK1 and p-STAT3 in A549GLR were significantly suppressed compared with A549GR (p < 0.05).
As for EMT biomarkers, a typical EMT change was observed in A549GR including a significant decrease in E-cadherin while a remarkable increase in vimentin compared with A549 (p < 0.05, Fig. 5A & B) . However, simultaneous elevated expressions of E-cadherin and vimentin were found in A549GLR compared with A549 (p < 0.05, Fig. 5A & B) , which is a new pattern of EMT biomarker change that has not been reported before. Additionally, Twist1, a negative regulator of E-cadherin (Peinado et al., 2007) , was significantly increased in A549GR compared with A549 and A549GLR (p < 0.05, Fig. 5A & B) . There were no significant differences of HER2/ErbB2 and MET expressions among A549, A549GR, and A549GLR (Fig. 5A & B) .
Gene analyses in A549, A549GR, and A549GLR
The 378 bp bands on the 2% agarose gel (Fig. 5D ) validated the amplifications of EGFR exon 20 by conventional PCR. The sequence analyses of PCR products of EGFR exon 20 demonstrated there was no EGFR TKI resistant T790 M mutation in both A549GR and A659GLR (Fig. 5E ). The qRT-PCR results (Fig. 5F ) revealed a significantly increased gene expression of EGFR in A549GR and A549GLR compared with A549 (p < 0.05). The expression of STAT3 was significantly downregulated in A549GLR compared to A549 and A549GLR (p < 0.05, Fig. 5F ). Among the five EMT markers (E-cadherin, Ncadherin, vimentin, Twist1, and Snail1), E-cadherin was significantly downregulated in A549GR but significantly upregulated in A549GLR compared with A549, while N-cadherin, Twist1, and Snail1, were significantly upregulated in A549GR compared with A549 and A549GLR (p < 0.05, Fig. 5F ). On the other hand, the expressions of vimentin were significantly higher in both A549GR and A549GLR than A549, as well as higher in A549GR than A549GLR (p < 0.05, Fig. 5F ). These results signify the EMT inhibiting function of LMB. Cancer stem cells (CSCs) marker CD24 was significantly downregulated while CD133 was significantly upregulated in A549GR and A549GLR compared with A549 (p < 0.05, Fig. 5F ). However, CD44 was significantly upregulated in A549GR compared with A549 and A549GLR (p < 0.05, Fig. 5F ). There were no significant differences of HER2/ErbB2 and MET expressions among A549, A549GR, and A549GLR (Fig. 5F ).
Discussion
In this study, we demonstrate the synergistic effect of LMB on gefitinib-induced cytotoxicity through significantly increasing cell cycle distribution at pre-G1 phase. Further Western blot analyses revealed the distinctive expression patterns of EGFR pathways, survivin, and p21, in A549 treated with gefitinib or gefitinib + LMB for 48 h. More importantly, 10 month-gefitinib + LMB co-treatment could significantly reduce the gefitinib-resistance development in A549. It was also observed that the properties of A549GR and A549GLR were different from A549 in terms of colony formation, migration, and invasion capacities. In the colony formation assay, A549GLR had dramatically decreased colony number compared with A549 and A549GR but the colony size of A549GLR was significantly larger than those of A549 and A549GR. In the wound healing and transwell assays, A549GR and A549GLR showed significantly higher migration and invasive abilities than A549. The protein and mRNA profiles of A549, A549GR, and A549GLR showed that the expressions of EGFR pathways, EMT, and CSC biomarkers in A549GR and A549GLR were significantly different.
Many studies, including ours, showed that CRM1 inhibitor LMB could significantly enhance the cytotoxic effects of therapeutic agents and effectively reduce drug resistance in cancer cells Gao et al., 2015) . For example, short-term LMB treatment was reported to potentiate the effect of TKI imatinib in treating Bcr-Abl (a) (b) Fig. 3 . Cytotoxic effects of (A) gefitinib or (B) afatinib on A549, A549GR, and A549GLR. Cytotoxic effects of gefitinib or afatinib on the cell viability of A549, A549GR, and A549GLR were determined by the MTT assay. Data are expressed as the percentage by comparing to vehicle controls. Values are represented as mean ± SD, n = 6. Mean values at the same concentration containing different letters indicate a significant difference among the treatment groups analyzed by a one-way ANOVA followed by a Fisher's LSD test (p < 0.05).
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positive leukemia, and combination of imatinib and LMB could effectively induced cell death in imatinib-resistant Ba/F3 cells, which displayed Bcr-Abl amplification or signs of clonal evolution (Kancha et al., 2008; Turner et al., 2014) . Our previous studies using both in vitro and in vivo models also showed that the combined treatment between LMB and doxorubicin/cisplatin/epigallocatechin-3-gallate could synergistically increase the chemotherapeutic effects in lung cancer cells Cromie and Gao, 2015; Gao et al., 2015) . The abilities of LMB leading to remarkable cell growth inhibition in NSCLC cell lines (A549, H522, and H358) but not normal human lung epithelial cells (BEAS-2B) further demonstrated its potential in lung cancer treatment (Shao et al., 2011) . In contrast, the study of Wang et al. (2014) showed no synergistic cytotoxic effects between newly developed CRM1 inhibitor (KPT-185) and EGFR TKIs on NSCLC cells. There was also no synergistic effect between KPT-330 and gefitinib observed in A549 and H460 cells in our study (data not shown). In a recent study, CRM1 inhibitors, KPT-185 and KPT-330, have showed high efficacy in therapy of KRAS-mutant lung cancer (Kim et al., 2016) . However, among many KRAS-mutant NSCLC cell lines studied, A549 is the only exception which is not responsive to the . Mean values of the same parameter containing different letters indicates a significant difference among the treatment groups analyzed by a one-way ANOVA followed by a Fisher's LSD test (p < 0.05). Values bearing the letter "a" indicate no significant differences compared with A549, those labeled "b" denote a significant difference when compared with the A549, and "c" denotes a significant difference when A549GLR is compared with A549GR.
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(caption on next page) Z. Liu, W. Gao Toxicology and Applied Pharmacology 335 (2017) 16-27 treatments of KPT-185 or KPT-330. Our previous study also showed that LMB IC50 of A549 at 48 h (13.1 nM, p53 wide type) was much higher compared to the other two NSCLC cell lines H522 (5.7 nM, p53-mutant) and H358 (0.5 nM, p53 null) (Shao et al., 2011) . It has also been reported that the mutational activation of KRAS contributes to the primary resistance of gefitinib in A549 (Pao et al., 2005b; Chen et al., 2013) , and the synergistic effect of gefitinib in combined with other anticancer drugs including vATPase inhibitors (Jin et al., 2015) , atorvastatin, aromatase inhibitor anastrozole, MEK inhibitor AZD6244, and cyclooxygenase-2 (COX-2) inhibitor celecoxib reduced the primary resistance of A549 (Shen et al., 2012; Chen et al., 2013; Li et al., 2015a,b) . Our previous study found that the cytotoxic effects of cisplatin were significantly enhanced when used in combination with LMB in both in vitro A549 cells and in vivo mouse xenograft model . Therefore, combination chemotherapy may be a great opportunity for LMB to regain its application in treating multi-drug resistant A549 cells. Additionally, the findings from our study, together with the recent study showing that KRAS mutated lung cancer cell lines could be druggable though CRM1/XPO1 inhibition (Kim et al., 2016) , suggest that combination therapies of EGFR-TKIs with LMB might be selectively applied to lung cancer patients with KRAS mutations. In the present study, the synergism between gefitinib and LMB in A549 was demonstrated by cytotoxicity data obtained from MTT assays, which was further validated by flow cytometry analysis. Previous studies showed that gefitinib induced G0/G1 cell cycle arrest and LMB induced G2/M cell cycle arrest in A549 and H1975 cells Sun et al., 2013) , which were also observed in cell cycle analyses shown in this study. The co-treatment of gefitinib and LMB caused significant increased proportions of A549 at pre-G1 phase compared with the control and gefitinib alone. The impact of LMB on cell cycle distribution may also be signified by a dramatic higher expression level of p21, which is a cyclin-dependent kinase (Cdk) inhibitor promoting cell cycle arrest, in A549 co-treated with gefitinib + LMB ( Fig. 2A) . Different from LMB, the study of Wang et al. (2014) showed that KPT-185 arrested NSCLC cells in the G1 phase, instead of G2/M phase by LMB or Gefitinib24 + LMB, indicating different mechanisms of LMB and KPT-185 in inducing the apoptosis of NSCLC cells.
In order to explore the synergism between gefitinib and LMB in A549, we examined the expressions of a series of proteins, including EGFR, p-EGFR, Erk1/2, p-Erk1/2, Akt, and p-Akt, involving in EGFR pathways by comparing the differences between gefitinib treatments alone and gefitinib + LMB co-treatments. A previous study (Pathria et al., 2012) showed that CRM1 inhibition by LMB mediated apoptosis by hyperphosphorylation of Erk1/2 and induction of p21, but downregulated antiapoptotic survivin in melanoma cell lines. That may explain the observations in our study that the expressions of p-Erk1/2 and p-Akt were higher while survivin was lower in gefitinib + LMB cotreated A549 compared with gefitinib-treated A549. Therefore, the synergistic cytotoxic effects of LMB and gefitinib could result from their interactions on regulating Ras-Raf-MEK-Erk and PI3K-Akt pathways, two major downstream signaling routes of EGFR.
Gefitinib induced apoptosis of NSCLC cells through direct inhibition of pro-survival p-EGFR, p-Akt, and p-Erk1/2 (Mukohara et al., 2005; Zhao et al., 2016b) , which was also manifested in our study by gefitinib treatment in A549. On the other hand, LMB, as a specific CRM1 inhibitor of the nuclear export signal (NES)-dependent transport , was found to significantly upregulate the expressions of pErk1/2 and p-Akt in A549 in the present study. The nuclear transport of Erk1/2 was reported to be inhibited by LMB and Erk1/2 entrapped in the nucleus could not be recycled back to the cytoplasm for the next round of activation (Adachi et al., 2000) . Therefore, the anti-proliferative response induced by LMB could be explained by a loss of cytoplasmic/pro-survival Erk1/2 and hyperactivated nuclear p-Erk1/2 to induce apoptosis (Cagnol and Chambard, 2010; Pathria et al., 2012) . The hyperactivated nuclear Akt based on this same mechanism as hyperactivated Erk1/2 by LMB treatment was also reported (Pathria et al., 2012) , which is further demonstrated by the significantly higher p-Akt/ total Akt ratios of gefitinib + LMB treatments than gefitinib treatments shown in this study. From this perspective, the synergistic effect of gefitinib and LMB could result from both deactivation of Erk1/2 and Akt in cytoplasm by gefitinib and entrapment of hyperactive p-Erk1/2 and p-Akt in the nucleus by LMB.
Gefitinib suppressed expressions of anti-apoptotic survivin in NSCLC cell lines through inhibition of the PI3K-Akt signaling pathway (Okamoto et al., 2010) , which was also consistent with reduced expressions of p-Akt and survivin compared with control shown in our study. The lower expression of survivin in gefitinib + LMB treatment compared with gefitinib treatment in A549 should be attributed to the synergistic inhibition of cytoplasmic PI3K-Akt by gefitinib and LMB. Gefitinib treatment induced a decreased expression of the Cdk inhibitor p21 compared with control in A549 shown in this study, which may be associated with gefitinib-induced suppression of cytoplasmic Erk1/2 signaling (Meloche and Pouysségur, 2007) . However, LMB treatment could induce significant upregulation of p21 compared with control in A549, which constitutes another important mechanism of synergism by gefitinib and LMB besides Ras-Raf-MEK-Erk and PI3K-Akt pathways. As a p53 downstream target gene, the elevated level of p21 in LMB-treated A549 resulted from activation/stabilization/nuclear accumulation of p53 by CRM1 inhibition (Shao et al., 2011; Lu et al., 2012) and resulted in the cell cycle arrest which was signified by increased G2/M and decreased G0/G1 fractions demonstrated by our current and previous studies . In contrast, gefitinib mediated cell cycle arrest predominantly at the G0/G1 phase in A549, which is associated with overexpression of transducer of erbB2.1 (TOB1) and suppression of cyclin D1 (Sun et al., 2013) . However, both p21 elevation and CRM1 inhibition could promote cyclin D1 nuclear accumulation (Alt et al., 2002 ) that may counteract the inhibitory effect of gefitinib on cyclin D1. That may also explain why fractions of G0/G1 phase in gefitinib + LMB co-treatments are significantly lower than gefitinib treatments, and the cell cycle arrest pattern is dominated by LMB (G2/M arrest) instead of gefitinib (G0/G1 arrest). Taken together, persistent nuclear Erk and Akt activities concomitant with loss of pro-survival/cytoplasmic Erk1/2 and Akt followed by a suppression of anti-apoptotic survivin as well as altered expressions of cell cycle regulator p21 revealed that the synergism of gefitinb and LMB in A549 is mediated through simultaneous involvements of multiple pathways impacted by CRM1 inhibition.
In some previous studies (Shen et al., 2012; Chen et al., 2013; Li et al., 2015b) , the combinative therapeutics, such as aromatase or MEK inhibitors, enhanced the cytotoxicity of gefitinib in A549 by Fig. 5 . Protein and gene analyses in A549, A549GR, and A549GLR. (A) Protein expressions of EGFR, p-EGFR(Tyr1068), Akt, p-Akt(Ser473), Erk1/2, p-Erk1/2(Thr202/Tyr204), p-STAT3(S727), survivin, E-cadherin, vimentin, Twist1, MET, and HER2. Blots were also probed for α-tubulin to confirm equal protein loading. (B) The relative protein intensities of EGFR, p-EGFR(Tyr1068), p-Akt(Ser473), p-Erk1/2(Thr202/Tyr204), p-STAT3(S727), survivin, E-cadherin, vimentin, Twist1, MET, and HER2 as compared to A549 after normalized by the intensity of α-tubulin. The intensity of each band was quantified using ImageJ software. Data are means ± SD, n = 3. (C) Bio-Plex multiplex immunoassay for detections of p-ATF2, p-MEK1, and p-STAT3 in A549, A549GR, and A549GLR. (D) 2% agarose gels shows 378 bp bands of EGFR exon 20 PCR products amplified from A549, A549GR, and A549GLR. (E) DNA sequencing for EGFR exon 20 of A549, A549GR, and A549GLR. The typical EGFR TKI resistant T790M mutations (c.2369C > T) were not found in exon 20 of either A549GR or A549GLR. (F) qRT-PCR analysis of EGFR, STAT3, E-cadherin, N-cadherin, vimentin, Twist1, Snail1, CD24, CD44, CD133, MET, and HER2 in A549, A549GR, and A549GLR. Data are represented as mean ± SD, n = 3. Mean values of the same protein or the same gene containing different letters indicate significant differences among the treatment groups analyzed by a one-way ANOVA followed by a Fisher's LSD test (p < 0.05). Values bearing the letter "a" indicate no significant differences compared with A549, those labeled "b" denote a significant difference when compared with A549, and "c" denotes a significant difference when A549 GLR is compared with A549GR.
Z. Liu, W. Gao Toxicology and Applied Pharmacology 335 (2017) 16-27 downregulating p-Akt and p-Erk1/2. On the other hand, combinative therapeutics, such as vATPase inhibitor or celecoxib (Jin et al., 2015; Li et al., 2015a) , enhanced the cytotoxic sensitivity of A549 to gefitinib by modulating signaling pathways other than EGFR such as HIF-1α and cyclooxygenase-2. Therefore, the synergistic mechanism of LMB and gefitinib observed in the present study is a novel finding in comparison with the previously reported combinative therapeutics with gefitinib in A549, featured by enhanced p-Akt, p-Erk1/2, and p21 resulting from CRM1 inhibition.
No reported genetic modifications contributing to gefitinib-acquired resistance were observed in A549GR or A549GLR, including T790M point mutation and amplifications of genomic areas such as MET and HER2 (Sierra et al., 2010; Cortot and Jänne, 2014) . On the other hand, activation of alternative pathways such as survivin and p-STAT3 as well as phenotypic transformations including significant changes in morphologies and EMT biomarkers were observed in A549GR. These alterations were frequently reported to be common mechanisms of acquired resistance of gefitinib (Sierra et al., 2010; Cortot and Jänne, 2014) . The distinctive expression patterns of EGFR related signals also signify that the survival signaling pathways adopted by A549, A549GR, and A549GLR are significantly different, which lead to their different gefitinib sensitivities and tumorigenic properties. There were increased expressions of EGFR and p-EGFR in A549GR and A549GLR compared with A549. The increased mRNA expressions of EGFR in A549GR and A549GLR were also detected by qRT-PCR. On the other hand, the expression of p-Akt was significantly lower in A549GLR than A549 and A549GR while p-Erk1/2 was much lower in A549GR than A549 and A549GLR. Previous studies showed that downregulation of p-Akt by gefitinib treatment was not as significant as p-EGFR and p-Erk1/2 in gefitinib-resistant NSCLC cell lines (Koizumi et al., 2005; Kwak et al., 2005; Rho et al., 2009; Yamamoto et al., 2010) . Although the chemical inhibition of p-Akt did not enhance the cytotoxic effect of gefitinib in gefitinib-resistant A549 (Rho et al., 2009) , the function of downregulating p-Akt in reducing gefitinib-resistance remained unclear (Rho et al., 2009) . Our study showed that the significantly decreased expressions of p-Akt in A549GLR compared to A549GR may contribute to the much higher gefitinib sensitivities in A549GLR than A549GR. A previous study (Okamoto et al., 2012) also demonstrated that persistent activation of Akt-survivin signaling pathway conferred EGFR TKI erlotinib's resistance in NSCLC cell lines, and downregulation of survivin by short interfering RNA or survivin suppressor reversed the erlotinibresistance. In line with these findings, our Western blot analyses further validated the simultaneous downregulation of p-Akt and survivin in A549GLR compared with A549GR is closely associated with the significant lower gefitinib resistance in A549GLR than A549GR. In addition, the expression of p-STAT3 in A549GLR was much lower in A549GLR than A549GR, which is consistent with the observations of the previous study showing that suppression of STAT3 activity could sensitize gefitinib-resistant NSCLC (Chiu et al., 2011) .
In our study, A549GR showed typical EMT compared to A549, which is demonstrated by changes in morphology characterized by spindle-like shape and loss of cell-cell junctions as well as EMT biomarker expression changes characterized by repression of E-cadherin and gain of vimentin. EMT could contribute to enhanced cancer invasion and metastasis (Ghosh et al., 2012) . This may explain why A549GR showed a much stronger motility and invasive capacity in wound healing assay and transwell invasive assay. Azmi et al. recently demonstrated that 24-72 hour treatments of CRM1 inhibitors including KPT-330, KPT-185, and LMB could reverse EMT in HEMCs and consequently induce growth inhibition and apoptosis, and prevent spheroid formation (Azmi et al., 2015) . In our study, A549GLR treated by LMB for 10 months went through a non-traditional EMT as evidenced by a significant morphological change characterized by asterisk shape, increased expression of mesenchymal cell marker vimentin, as well as higher motility and invasive capacity compared with A549. However, a significant increased expression of epithelial cell marker E-cadherin and decreased mRNA expression of mesenchymal cell marker N-cadherin were also observed in A549GLR compared with A549 and A549GR, which may signify the capacity of the LMB co-treatment to suppress the gefitinib-induced EMT and resistance. Western blot and qRT-PCR analyses of our study further revealed that Twist1 and Snail1, negative regulators of E-cadherin (Peinado et al., 2007; Yang and Weinberg, 2008) , were significantly downregulated in A549GLR compared with A549GR. EMT development, but not other resistant mechanisms including T790 mutation in EGFR exon 20 or amplifications of MET and HER2, has been shown to be correlated with gefitinib resistance in A549 (Rho et al., 2009) . Similarly, in our study, both A549GR and A549GLR showed no T790 mutation or amplifications of MET and HER2, indicating that EMT may play a pivotal role in the development of gefitinib resistance in either A549GR or A549GLR.
EMT induction may also lead to emergence and/or enrichment of CSCs (Mani et al., 2008; Ghosh et al., 2012) which exhibited enhanced colony formation ability in soft agar due to their higher self-renewal capacity and stronger tumorigenic potential compared to non-resistant cancer cells. This is consistent with our observation that the colony number and size of A549GR are significantly higher than A549. The larger colony size but lower colony number of A549GLR than A549GR may also imply that A549GLR compromised a smaller fraction of CSCs which were selected by more cytotoxic gefitinib + LMB co-treatments compared with A549GR. Previous studies showed that EMT generated CSCs with increased expressions of CD44 and CD133 but decreased expression of CD24 in human mammary epithelial cells (HMLEs) and erlotinib-resistant H1650 NSCLC cell line (Mani et al., 2008; Ghosh et al., 2012) . This is consistent with the expression pattern of CSC markers in A549GR. However, the decreased expression of CD44 in A549GLR compared with A549GR may further demonstrate the EMT suppressive function of gefitinib + LMB co-treatments (Cho et al., 2012) .
The results of our studies demonstrated that LMB could not only overcome primary resistance but also delay acquired resistance of gefitinib in A549 at a concentration of 0.5 nM. Besides the interactions of pathways as mentioned above, the synergistic effect of LMB and gefitinib could depend on the concentration of LMB. The dose of 0.5 nM LMB selected for this study showed the maximized synergistic effects for different LMB doses tested (data not shown) and had a very low cytotoxic effect on A549 (89 ± 4% of control) or H460 (92 ± 5% of control). In fact, 0.5 nM LMB has been used in combination with doxorubicin or cisplatin in our previous studies Gao et al., 2015) . No acquired resistance of 0.5 nM LMB was observed in A549GLR (88 ± 5% of control), while A549GR (96 ± 3% of control) was more resistant to 0.5 nM LMB than A549GLR and A549 (p < 0.05). In addition, the cross-resistances of A549GR and A549GLR against afatinib showed that IC50 of afatinib in A549GLR (8.0 ± 1.5 μM) was much lower than A549GR (20.0 ± 2.7 μM), suggesting that lung cancer cells co-treated by gefitinib + LMB would continue to benefit from the subsequent therapy using irreversible EGFR TKIs such as afatinib. Since the in vitro and in vivo tumor environments are different, further in vivo experiments can validate the effectiveness of LMB in reducing gefitinibacquired resistance for lung cancer treatment.
Besides A549, gefitinib + LMB also showed the synergistic effects on H460. Although both H460 and A549 have KRAS mutations, the differences in morphologies as well as inter and intra cellular heterogeneities between A549 and H460 are significant because A549 is a lung adenocarcinoma cell line while H460 is a large cell lung cancer cell line, and they are derived from different patients. Since EGFR TKIs such as gefitinib or afatinib is much more effective in treatments of NSCLC with mutant EGFR than wide type EGFR (such as A549 and H460), future studies will be beneficial by studying the combination of LMB with different EGFR TKIs in the treatments of EGFR-mutant NSCLC cell lines in vitro and in vivo. Moreover, the investigations for clinical significance of LMB with the involvement of other clinically relevant molecular signatures in lung cancer or with other targeted therapeutics are warranted. Besides lung cancer, LMB was reported to have the potential to be applied in ovarian, pancreatic, and cervical cancers in which CRM1 is overexpressed and contributes to tumor progression and drug resistance . Gefitinib as single or combinative therapeutic agent has also been reported in clinical trials of breast cancer (Segovia-Mendoza et al., 2015) , ovarian cancer (Posadas et al., 2007) , pancreatic cancer (Brell et al., 2009) , and cervical cancer (Goncalves et al., 2008) . The mechanisms of action for gefitinib on these cancers include modulation of EGFR pathways such as PI3K/Akt, Raf1/Erk1/2, and cell cycle arrest (Zhou et al., 2009; Ohta et al., 2012; Segovia-Mendoza et al., 2015; Du et al., 2016) . Therefore, gefitinib and LMB treatment may also be effective in treating these cancers with similar synergistic mechanisms as reported in our study. However, future studies are necessary to validate these hypotheses.
In summary, the present study found that the combination therapy of LMB and gefitinib significantly increased the efficacy of gefitinib in A549 through regulation of EGFR pathway and cell cycle distribution. LMB co-treatment with gefitinib could effectively delay the development of the acquired resistance in A549 by reversing EMT and downregulating Akt-survivin activation. Our study demonstrated that expressions of epithelial marker E-cadherin and mesenchymal marker vimentin could be two independent events in EMT. Future in vivo studies, different combinations of CRM1 inhibitors with EGFR TKIs, and eventually clinical trials are necessary to validate the potential of CRM1 inhibition as a novel therapeutic strategy to overcome the primary and acquired resistance of EGFR TKIs in NSCLC treatments.
